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STRUCTORE OP COMPLEXES BETWEEN ALUMINUM 
CKLORIDE AND OTHER CHLORIDES, II.^ 
ALKALI-rCHLOROALUMINATES]. GASEOUS COMPLEXES 

Magdolna Harglttal 

Central Research Institute of Chemistry of the 
Hungarian Academy of Sciences, Budapest 

In the first part of this study, I presented Information /^Q9 * 

concerning the structure of aluminum chloride Itself, and the capacity 
of aluminum chloride to stabilize the lower oxidation state of other 
metals and Its relations to molecular structure, and finally, the 
results of structural studies concerning the complexes of aluminum 
chlcrlde with transition metal chlorides. 

In this, second, part of the study, I am discussing the alkali- 
(chloro-aluminates) which are the most widely Investigated compounds 
of the complexes of aluminum chloride with other halides. This Is 
due to practical reasons, because these systems are encountered In a 
great variety of chemical processes (for Instance, In the preparation 
of aluminum). This is the only class of compounds among the aluminum 
chlorlda-metal chloride complexes, the structure of which has been 
Investigated In all three phases. 

For practical reasons, I am devoting most of the attention to 
studies carried out In the solution phase. 

Further on, I present a review of the results of the structural 
studies of gaseous aluminum chlcrlde-metal chloride complexes. The 
significance of these complexes for the preparation of various metals 
Is being Increasingly recognized. 

Alka7ul-(chloro-aluml nates) 


^Part 1: I. Condensed phase systems, cf» M. Harglttal: Kam. Kozl. 
50, 371 (1978) 

§ 
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In the crystalline phase, only the structure of sodium- 
(tctrachloro-alumlnate) was determined C2], It was found that the 
crystal structure Is based on and AlCl]^ Ions. The aluminum has 
a tetrahedral coordination, the Na^ Ions occupy the vacancies between 
the tetrahedra. The tetrahedra have the following geometric parameters: 
r(Al-Cl) ■ 2.13 H, r(Cl...Cl) • 3.^8 R. The Cl... Cl distance between 
adjoining tetrahedra ranges from 3.80 to 3.8? R. The distance of the 
Na4- Ions from the peaks of he tetrahedra 3oi 2.79—3.29 R (the only 
distance Na...Cl - 3.72 R). 

Comparing the data with the Paullng-type covalent or Inlc /k9(> 

radii C3]» we found that: within the Individual tetrahedra, the 
Al-Cl or the Cl... Cl distances are smaller than the sum of the 
tetrahedral covalent radii (rr^^^CAl-Cl) ■ 2.25 R)» or of the 
van der Waals radii (2r^^^(Cl) ■ 3.60 R). At the same time, the distance 
between the chlorine atoms belonging to different tetrahedra Is larger 
than the doehle of the van der Waals radius of Cl or of the Cl” ion 
(2r^dw(Cl) “ 3.60 R, 2r^^^(Cl’ ■) ■ 3.62 R), respectively). 

The same thing applies to the distance between Na...Cl distances also 
(c.f. (Na‘^...Cl") - 2.76 R). Thus, In the crystal, the bonds 

within the AlCl]j tetrahedron are stronger, while the relations between 
the tetrahedra and the Na^ ion and between the Individual tetrahedra 
are loose. This finding agi’ees with the result of the structural 
Investigation by electron diffraction, in the gas phase carried out by 
Spiridonov et al [M]. According to these findings, In the vapor phase 
of the related KAlCl^j, the AlCl|j tetrahedra form a tight unit, while 
the connection between th^j tetrahedra and the alkali atoms is quite 
weak (see below). 

In the vapor phase over the KCl-AlClj^ solutions, Grothe [51 
found that complexes with a composition of KAlCljj and KAlgClj are 
present. According to the thermodynamic studies of Morozov and 
Toptyigln [6], the sodium and potassium-(tetrachloro-alumlnate) 
evaporates without decomposition. A. Morozov C7l determined by 
partial vapor pressure measurements the composition of the vapor phase 
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of the solutions as a function of temperature. According to their 
findings, aluminum chloride and alkali- (tetrachloro-aluminate) 
molecules are present in the vapor phase, and the relative partial 
vai^or pressure of the tetrachloro aluminate increases from the 
lithium toward the cesium. The partial pressure of aluminum chloride 
over the LlAlCl|j melt within the temperature Interval under study 
is larger than the partial pressure of the complex. The partial 
pressures of the two components in the vapor phase of NaAlCl|j are 
nearly identical, while in the vapor phase of the potassium, rubidium 
and cesium tetrachloro-alumlnates, to a large extent, complex molecules 
are present. The thermal decomposition of the alkali- (totrachlcro- 
alumlnates) takes place according to the following reactions 

2MAlCli,(f) - MAlCl,^(g) + AlClg(g) + MCl(f) (1) 

In addition, another equilibrium occurs in the melt; 

2MAlClij t MAlgGl^ + MCI (2) 

and 

MAlgCCl^Cf) - MAlCl|,(f) + AlCl^Cg) (3) 

The thermal stability of the complex MAlgCl^ molecules increases 
with the Increase of the ionic radius of the alkali metal cation. 

The LlAlgCly molecules are easily decomposed, and according to the 
above reactions, this is the reason for the large partial pressures of 
aluminum chloride in the vapor phase. On the other hand, the CsAlgCl^ 
is very stable, and therefore, mostly tetrachloro-alumlnate molecules 
are present in the vapor phase. 

According to the observations of A. Morozov and I. Morozov, 
addition of alkali chloride to the melt results in the considerable 
reduction of the partial pressure of aluminum chloride. This can /lt91 
easily be understood on the basis of the above reactions, because If 
the concentration of the chloride ion is Increased, the reaction (2) 
is shifted towards the left, and, on the basis of (3), the formation 
of AlCl.;^ (g) does not take place. The authors underline the fact that 
the presence of aluminum chloride in the gas phase Is the consequence 
of the above reactions (2) and (3), and not of the eventual decomposition 
of the MAlCl|j molecules in the gas phase. 
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According to the above-cited [l|] electron diffraction atudles 
of Spiridonov et al., the KAlClj^ molecules In the gas phase have a 
Cgy symmetry (Figure 1). The following geometric pcrameteru were 
found : 

The difference between the lengths 
of the two types of Al-Cl bonds 
Is not more than 0.1 

As we indicated above, within 
the molecule, the AlCl^^ group 
Is exceptionally stable, which 
Is supported by the fact that It 
has the same structure in all 
three phases, and phase trans- 
itions do not change the tetra- 
hedral symmetry of the group. 

On the other hand, the bond 

between the tetrahedron and the potassium atom is quite loose. This 
is proven by the Increase of the K-Cl distance with respect to the 
length of the bond of the K-Cl molecule (r(K-Cl) ■ 2.6666 i 0.0001 8 
[8]). The K-Cl distance in the complex is by 0.18 8 larger than in 
the vapor phase of K-Cl; at the same time, the average amplitude of 
oscillation, l(K-Cl) * 0.13 8, Is cor.cderably larger than that of the 
bonds In general (0.0*1 - 0.0? 8). 

A structure similar to potasslum-(tetrachloro-alumlnate) was 
found In the vapor phase of other mixed halides. The following similar 
systems were Investigated by electron diffraction: NaAlF^[9], KYC1|^ 

[10] and TlInCl|| [11]. According to Spiridonov [12], In these 
molecules, Instead of the static bridged structure presented In 
Figure 1, a dynamic structure Is formed. In which the M metal atom 
belongs with equal probability to all four halide atoms of the MeXj^ 

group. This Is Implied by the structural representation 

^^■'■[MeX^]^" 


r(AI-Cl), A 2,16 ± 0,02 

r(K~CI), A 2,0 1 ± 0,02 

•XCl—AI— Cl 109,5 d: 5® (tetrahedral) 

<C1~K~CI 77“ 



Figure 1. The gas-phase 
configuration of the KAlCljj 
molecule [*l] 



which, at the same time, expreoBea the polar character of the bond. 

The melts of alkali ( chloro-alumlnates ) , especially the sodium and 
potassium derivatives, are examined in many studies. I only mention 
some of these Investigations [13-22] j the results of some of them 
were examined more closely In the first part of this study [1]. At 
this time, I present In greater detail only the results of the more 
recent and more complete Investigations. Torsi et al. [23] examined 
the NaCl-AlCl^ system by Raman spectroscopy [23], while Cyvln, 0ye 
et al. studied the ,AlkCl-AlClj(Alk ■ LI, K and Cs) [2H-26]. 

The Raman spectra of alkali- (chloro-alumlnates) were determined in 
various concentration ranges (AlCl^ between 50 and 100^), in order to 
study the composition changes of the melt. The experimental temperatures 
were varied from 170 to 400°C, but control measurements revealed that 
in the investigated range, the spectra are independent of the temper- 
ature. The uncertainty in the composition of the melt was estimated 
at - 0.3 mol percent. 

In Figure 2, I present the Raman spectra of the melts of the 
NaCl-AlCl^ system, according to Torsi, Mamantove and Begun [23]. 

The data given below are characteristic for the spectra of all 
Investigated materials. The maxima of the spectra taken In the 100 
molS? aluminum chloride were attributed to the Al^Clg dimeric molecules 
(cf. Perslna and Raskin [27]) and were designated with lower case 
letters a- j . The peaks are discernlbly decreased, and finally, 
disappear completely as the AlCl^ concentration Is decreased (at the 
63 % molSS of the AlCl^, they are not observed at all). The spectrum 
of the melt containing 50 mol percent of AlCl^ was ascribed to \1C1]| 
ion (designated on the picture with Greek letters a-6). These peaks 
are gradually decreased and finally disappear, as the AlCl^ concentration 
increases. In the meantime, new peaks appear and gradually Increase 
In the spectrum. They belong to the dimeric AlgCly ion (designated 

with upper-case characters; A-D) . Finally, as the aluminum chloride 
concentration is further increased (66.7 73.0 mol55), new maxima 

appear, which were ascribed to the thus-formed, higher-level polymeric 
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anions, + n 2: 3» primarily AI^CI^q (on the spectra, they 

are designated by x-z}. On the basis of the above, the composition 
of the alkali chloride-aluminum chloride melts in the acid range may 
be characterized in the following way: 

AlClj concentration reactions taking place groups In excess 


xaici, “ 0,50 
0,50 < Xaici, 

0,67 < Xaici, 

^AICI, 1,00 


MCI,’ 

AlCir 'M,2AI,CI,« AI,Clr 

Aid; 4 ji^j AIA « AI„CI,-„,ii ^ 3 

AI,CI, 


As a result of the aluminum chloride concentration of the melt, two /. 
types of complex ions are preferentially created In the solution, 

AlClJ^, and AlgCl^. Higher than the second order associated states 
(such as the Al^Cl^^ anion) could not be definitely Identified on the 
basis of spectra. On the other hand, the vibrational analysis of the 
two most Important Ions was carried out, drawing conclusions concerning 
bond relations from these measurements. 

Table 1. 

The Raman frequencies of the AlClJ| ion in various alkall- 
(tetrachloro-alumlnate) melts. 



LiCI AlCI, 1 
(1) 

NaC;i -AICI 
(2) (3) 

’(1) 

KCI - AlCI, 
1 (‘) 

C.CI -AlCI, 
(1) 


119 

146 

145 ! 

121 

122 

120 

<^4 

182 

180 

183 1 

184 

182 

178 


348 

349 

349 

351 

350 

344 


498 

575 

580 ; 

1 

490 

487 

4B3 


(I) - llir'.-r»ii, Ov,. Cvviiy, Cvvi'i § Ki.tKiin,! (SA; 
IS) — CcniM.',ii q II(ii;tur.,.u' |I.i|. 

PI - IUl..,uiHAiiM.,NV«H, q N.ni. IISI, 

(4) - Tumi, M.m.mtiiv q IlKcun lSl)> 



Al l HlSil M-bMHIIIi KUUm Al.K 



NaCl-AlCl^ system as a function of the composition [231. 



1 K»CI 

1 AlCI. 

1 mA|«; 

1 


100 

a 


73 

a 

31 

67 

4 

36 

64 

s 

46 

St 

« 

48 

sa 

1 

SO 

so 


The frequency assignment is given in the text. 
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AlClJ Ion 

A -betrahedpal aymmatry was tentatively aaeigned to the tetra- 
ohloro»alumlnate ion, to which correepond 4 active nantan frequenclee, 
Ol(Ai), cTgCE), 03(^2^ 

spectra of the melts containing 50 mol)? aluminum chloride may be 
ascribed to them.^ 

,A summary of the frequencies belonging to the AlClJ[ ion, and the 
calculated force constant, respectively, is presented in Tables 1 and 2. 
By now it may be assumed as proven that the AlClJ[ ion has a regular or 
only slightly distorted tetrahedral configuration in the melt. The 
slight distortion of the tetrahedra may be due, for example, to the 
strongly polarizing effect of the cation (see below). 


Table 2. 

Some of the force constants of the A1C1]J 


ion (mdln 8“^) 


(la) (Ik) 


(2a) (2b) 



1,76 

1,701 

! K 

2,06 

0,2a 

0,285 

F 

0.31 

0,17 

0,193 

» 

0,01 

0,020 

1 



1,67 

0.23 

0,08 

0.01 


(1) Valence-force space: 

a - Miller and Krebs [293; 
b - 0ye» Rytter, Klaeboe and Cyvln [253; 

(2) Urey-Bradley force space: 

a - Gerdlng and Houtgraaf [133; 
b - Milller and Krebs [293 


AlgCl,- ion 

{5ye"‘and Gruen were the first to assume [183 that the AlgCliJ^ ion 
consists of two distorted tetrahedra, which are in contact with each 
other at one of their peaks. The following symmetry types may be 


1 

Balasubrahamanyam and Nanis [193 observed nine maxima in the Raman 
spectrum of the melt of the KCI-AICI3 system, and derived a distorted 
tetrahedral C2y symmetry. However, later Bredlg [283 and then 0ye 
and collaborators [253 pointed out that the appearance of the 
excessively large number of maxima is probably due to electric noise, 
and the KCI-ACI3 system has a regular tetrahedral symmetry. Just like 
the other compounds of similar type. 
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att/rlbiited to the dJlmerlc ti trachloro-slumlnate ion [253: 


1. Aaaumlng a linear Al-Cl-Al bridge » D 


3h* ^3d 


or D3. depending 


whether the two final AICI3 groups have an open or covered 

position with respect to each other » or whether they are 
able to rotate freely (D3). The active Raman frequencies 6 
10 or 11 (D3) belong to these frequencies. 


®B» ®2 


or C. 


2. In the case of a non-llnear Al-Cl-Al b.*ldfe, C-,; 
similarly as a function of the orientation of the final AICI3 groups, 
21 active Raman frequencies belong to these symmetry types. 


In part because of the appearance of few bando» and on the 

other hand, on the basis of geometric considerations, 0ye and 

collaborators rejected the non-linear models [25»26] In spite of the 

fact that in two cases they found a curved Al-Cl-Al bridge, [30,313. 

The normal coordinate anal is [253 agreed with the fact that the 

AlgCl* ion has an open position (D,^), although the closed-position 

(D-,.) model cannot be excluded. ne harrier to Internal rotation may 
3r 

be assumed to be very low, and free rotation may be considered. 


The effect of cations on the structure of the melts was also 
studied [263, The Raman frequencies of the anions are in most 
cases nearly identical, although some remarkable exceptions were 
also found. In the case of AlClJ (or AlCly), the expansion frequency 
increases gradually from cesium to lithium (or potassium). The 
increase of the expansion frequency is a phenomenon which often 
accompanies the increase of the polarizing effect of the cation 
(see [26] and references given there). 


The i»98 cm"^ maximum in the spectrum of the LlCl-AlClj system 
is split into three parts. This is attributed to the fact that the 
Li ion forms In part a covalent bond with the AlClJ^ ion, creating 
a molecule with a symmetry; 


Cl 

Cl 






O'' 


:u 
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This docreases the strength of the bridged Al-Cl bonds, as a result 
of which the expans! on frequency of the tetrahedra Is spilt. The 
larger the polarizing strength of the cation (the smaller the cation), 
the more marked Is this effect. After dimension of the cation Increases, 
Its polarizing strength Is gradually decreased, and the AlClJ Ion 
retains Its tetrahedral symmetry. The tendency of the LI Ion to 
create partially covalent Al-Cl ... LI bonds Ip proven by the electric 
conductivity measur*smsnt8 of the melts. According to these measure- 
ments, while the conductivity of the alkali (tetrachloro-alumlnates) 
decreases gradually as expected In the direction, the con- 

ductivity In the LlCl-AlClj system Is lower than In the case of the 
NaCl-AlClj melts [321. 

Gaseous complexes /^96 

It was found a long time ago that aluminum chloride (and 
similarly the Pe(III) chloride) forms volatile complex compounds 
with sodium chloride [331. However, during recent years, many 
studies were published suddenly, on the existence of new volatile 
metal chloride-aluminum chloride complexes . 


The complexes are formed according to the following general 
formula ; 


III MCIk -l- II AljCI, ^ (MC4)m • (AI,CI,)„, 


Where In most cases m « 1 (but not necessarily; see, for example, 
the complexes of CuCl) and n ■ 0.5-2. 


The volatile complexes of metal dlchlorldes and aluminum chloride 

Dewing has found that the volatility of metal dlchlorldes is 
considerably Increased In the presence of aluminum chloride [3^,351. 

He Investigated the complexes of the following metals: Ca, Mg, Mn, /497 
Co, Nl, Zn, Cd and Pd. Dewing's paper contains the detailed results 
of the evaporation of metal dlchlorldes In the presence of aluminum 
chloride. According to Dewing, two different types of complexes 
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are present In the vapor apace 
according to the following 
reactions : 



Figure 3. The temperature 
dependence of the equilibrium 
constants of the 
MClgCs) +2AlCl3(g) -KAlgClgCg) 


MCU»; I 

MCI, (%) SAICI, ( 1 ^) ^ MAI,CI„ . 

The temperature dependence of the 
equilibrium constants of the two 
reactions Is shown In Figures 
3 and 4, 

All of the above reactions 
are exothermic, therefore, in the 
temperature range where the 
aluminum chloride Is monomeric, 
the partial pressure of the 
complexes decreases with Increas- 
ing temperature. At the same 
time. In view of the fact that 
the heat of reaction (AH), with 
the exception of the case of 
MgAl^Clj^j^) Is lower than the 
heat of dimerization of aluminum 
chloride (14 kcal/AlCl^), the 

reactions which take place In the 
presence of the dimer are endo- 
thermic. As a result of this, the 


reactions C35>]. partial pressure of the complexes 

passes through a maximum at the temperature of dissociation of the 
dimer (about 600°C). 


The CoClg-AlgClg system /498 

In addition to the above-mentioned one, the gas phase of the 
CoCOg-AlgClg system was examined in several studies. The vapor 


11 



pressure and certain thermodynamic parameters of the complex were 
determined by spectrophotometrlc measurements [363. The spectrum of 
the gaseous phase Is similar to that obtained with the molten complex 
[20], and on this basis, Papatheodorou assumes that the following 
equilibrium Is established In the vapor phase: 




: a-Ai^ci— co^ci~Ai-a 


fi 


The two structures depend only on the spatial position of the AlClj^ 
groups; In the T configuration, the tetrahedra are connected through 
their edges to the cobalt atom, forming a distorted tetrahedral 
coordination, while in the structure 



Figure ^ . The temperature 

dependence of the equilibrium 

constants of the 

MCljCs) + SAlClgCg) “MAljCl^^Cg) 

reactions [35] 


the tetrahedra surround the 
cobalt atoms with their planes, 
thereby creating a distorted 
octahedral coordination. 

According to Papatheodorou [36], 
on the basis of the liquid space 
theory, the octahedral con- 
figuration may be expected to 
predominate In the gas phase 

On the other hand, Dell 'Anna 
and Emmenegger [37] propose 
another structure on the basis of 
these chemical transport experiments 
In their opinion, the following 
reaction takes place In the 
gaseous state: 

CoCI, (s) 4- AI,CI, (s) - Co(AlCl 4 ), (g) 

CoCI, (s) + 2AI,CI, (g) - Co(Al,CI,), (g). 
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‘'‘ cr 


•Cl 

-Cl ‘ 


Figure 5* The tetrahedre^ 
configuration of the 
Co(A 1 C 1^)2 molecules in the 
gas phase, according to 
Dell ’ Anna and Emmenegger [373. 


These data were not found to 
be compatible with the assumption 
of Dewing [35] that in addition 
to the CoAlgClg complexes, molecules 
having the composition of CoAl^Cl^^j^, 
l.e. CoCl2.1.5Al2Clg molecules 
containing one and one-half Al 2 C'.g 
are present. Therefore, under 
consideration of the above-indicated 
two reactions, they repeated Dewing’s 
calculations concerning the thermo- 
dynamic data of the complex formation. 



Cl Cl 


Figure 6. The structure of 
the gas-phase complexes 
Co(Al 2 Cly )2 according to 
Dell ’Anna pad Emmenegger. 


Dell ’Anna and Emmenegger 
proposed a structure containing a 
cobalt atom with a tetrahedral 
coordination. In contrast with the 
results of the investigations of 
0ye and Qruen concerning melts [20] 
and of Papatheodorou concerning the 
gas phase [36]. According to that 
proposal. In the gaseous Co(AlCl ^)2 

complex, the AlCl^j groups surround 
the cobalt atom with the edge of 
their tetrahedra, while. In the 


Co(Al 2 Cl .^)2 complex, the AlgCl,^ groups are connected to the cobalt atom 
with the peak of each in their two tetrahedra. This is Illustrated in 


Figures 5 and 6. 


Aluminum chloride as the carrier gas of transport phenomena 


/A99 


Schflfer and collaborators [38] reported on the transportation of 
the following metal chlorides within a certain temperature gradient, 
using aluminum chloride as the carrier gas [38]: 

FeCI,. CoCIa, NiClj, CuCI^, IMCIj, PiClj 
MoClj, YCIa, LiiGlj 
ThCI,, UCI^. 
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The reactions which take place between the metal chlorides and 
aluminum chloride are endothermic, and the complex formation Is 
reversible; tb'^refore, the transported metal chlorides crystallize 
out by themselves at the colder portion of the experimental installation, 
and the complex Is present only In the gas phase. They characterized 
the transport phenomena which take place by the data presented In 
Table 3* Thus, these transport phenomena may be used^ for example, 
to prepare high-purlty, oxide-free metal halide crystals. 

It should be noted that in contrast with the above-mentioned 
reversible transport phenomena, many of the reactions of metal halides 
with aluminum chloride are Irreversible, and therefore the produced 
complex compounds are present In the condensed phase also. Of course, 
in such cases, the aluminum chloride cannot be used as a carrier gas. 

On the basis of the studies of Schftfer and Trenkel [393, the chemical 
transportation by means of aluminum chloride (eventually with Fc-III 
chloride or with aluminum Iodide) may be realized also by Initiating /500 
the reaction directly from the metals. In that case. In the presence 
of the halogenatlng agent (for example, Clg, HCl, I^), first metal 
halides are formed, and then these halides form volatile complexes 
with aluminum chloride. Schftfer and Trenkel carried out this experiment 
with the following metals: 

Cu, Ag, Au, Ru, Rh, Pd, Ir and Pt . 

The detailed conditions of the transport experiments are presented In 
our report [393. 

The aluminum-chloride complexes of chromium chlorides 

Study of the complexes of chromium with aluminum chloride again 
proved the ability of aluminum chloride to stabilize the lower 
oxidation state. Lascelles et al, [MO] proved the existence of the 
CrClg.SAlCl^ complex, in addition to the previously known gaseous 





Table 3 . 

Characteristic data of transport phenomena according to 
Shafer et al. [ 38 ]. 




Starting mfiterlal 
(mg) 


Pressure Temperature Period Transported 
of the Ort product (mg) 

carrier ^ heating 

gas (atm.) (hours) 


600 TcCI. 
2l'00 CoClj 
SOO NiCI, 

400 CiiCI, 
1150 CuCIt 
1000 y- IMCK 
SOO a-l>lCI, 

1000 MoCL 
1000 YCl, 

410 Lad, 
1000 LuCr. 

470 ThCL 
ISOO UCI« 






1,96 

350 

2,50 

25 

kl). 1 

400 

300 

20 

kb. 1 

350 

300 

65 

0.93 

300 

2.50 

24 

4,111 

400 

330 

1 

2.0, 3 

350 

300 

24 

2,05 

350 

300 

24 

J.I3 

400 

350 

24 

2,84 

600 

510 

24 

2,62 

550 

450 

24 

6,93 

750 

6.50 

24 

2,47 

SOO 

400 

24 

5,5 

350 

250 

14 



complete transpoi tatlon 

I 804 CoCI, ' 

I 243 MCI, 


complete transportation 

’ 1163 CuClj 
870 a • I'dCI, 

470 /1-1’lCL 
(I'l.CI,,) 

136 MoCI, 

270 YCl, 

122 I.aCI, 

520 LoCI, 

(iompxece transportation 
complete transportation 


CrCl2.2AlCl2 complex, and at the same time, they developed a new 
method for the preparation of CrClg. On the basis of the electron 
spectrum of the gaseous complex, CrAl2Cl0 containing bivalent chromium. 
Aits and Schflfer found that the chromium has a distorted octahedral 
chloride coordination L’^l], 


The aluminum chloride complexes of copper chlorides 

The study of gaseous complexes produced by the reaction of 
copper chlorides of various oxidation states and of aluminum chloride 
presents great Interest. Using the mass spectrometrlc method, the 
presence of the following types of complexes was proven In a system 
containing Cu(I) 
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/501 


CuAICI, 

CmCI • AICI, 

1 : 1 

CiijAICl^ 

ZCiiCI • MCI, 

2 i 1 

CiiaAICI, 

acuci • MCI, 

*3:1 

c»Ai,/:i, 

CiiCI • 2AICI, 

1 :2 

Ciii,Ai/:i, 

2CuCI • 2MCI, 

2 :2 


Recently, Emmenegger and collaborators [^ 3 ] succeeded In Identifying, 
in addition to the dimeric aluminum chloride molecule, also the CUAI2CI0 
molecule among the gas-phase products of the reaction of copper-(II) 
chloride and aluminum chloride. According to the Interpretation of 
the spectrum, this complex possesses no center of symmetry, and the 
copper atom possesses a coordination of three or less. These findings 
are not compatible with the structure of any similar complexes encountered 
up to now. The authors propose the two structures presented on Figure 
7. On the basis of various considerations (for example, the visible 
spectrum of CuCl^ is very similar to the spectrum of the CUAI2CI0) they 
Indicate a preference for the ring structure. However, the exact 
determination of the structure requires additional Information and the 
Joint application of several methods. 


CI-AI' 
Cl 


cr '^Cl 


Cl 


'^Al— Cl 


Cl 


Cl— Ar 

Cl-Cu^ ^ci 

c'-;< 

c; 


Figure 7 . The possible structures 
of the gas-phase complexes of 
CUAI2CI0 according to Emmenegger 
et al. [ 43 ]. 


The HgCl2-Al2Clg system 

On the basis of vapor 
pressure measurements, Novikov 
and Kotova [^ 4 ] found that 
complex molecules with the 
composition of AlHgCl^ are 
present i»i the vapor phase 
of the HgCl2-Al2Clg system. In 
addition to AlCl^, Al2Clg and 


HgCl2. They determined the partial pressures and the equilibrium 
coefficient as a function of the temperature. 
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The MClg»Al 2 Clg Byotema (M ■ Sb, Bl) 

Kotova et al. determined the vapor pressure of the AlgClg-BlCl^ 
system [45] i and concluded, that In the gas phase. In addition to 
AlCl^, BlCl^ and Al 2 Clg, complex molecules with a composition of 
AlBlClg are also present. They determined the partial pressure of 
all four components of the gas, and the thermodynamic Indicators of 
state of the : 

AlBlClg AlClg + BlCl^ 

equilibrium. 

Maikova found that the complex present In the vapor phase /502 

of the antlmony-trlchlorlde-elumlnum trichloride system has a 
similar composition (AlSbClg) [46]. 

The Iron chloride-aluminum chloride system 

Szemenenko et al [47] used a mass-spectrometrlc method to study 
the vapor phase over the common melt of aluminum chloride and Iron-(III) 
chloride. Other authors also studied this system, using analytical 
Infrared spectroscopic and mass-spectroscoplc methods [48]. In all 
of these studies It was found that complex chlorides, with a composition 
consisting predominantly of PeAlClg, are present In the vapor phase. 

The structure very probably Is a bridged structure, similar to that 
of Iron and aluminum chloride dimers as shown l.i Figure 8. 

The substitution can easily be 
accepted, because the two metals 
have similar coordination 
properties, and In the crystal, 
their dlchlorldes have a similar 
laminar lattice structure, and 
It was proven experimentally 
of PeAlClg in the vapor phase [4?]. that they can substitute each 

other. Their ionic radii are close to each other “ 0*578 and 



Figure 8. The assumed structure 
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*^Pe 3 + " 0.678). The maeB-Bpectroacoplc examination of the mixed 
chlorldeB and of the Individual pure chlorldea (thuB of Al2Clg and 
PegClg) revealed the production of very Blmllar fragmente; at the 
Bame time, to a Blight extent, the preaence of FeAl2Cl^, eorreapondlng 
to the trlmerlc form vrae proven In the gaa phaee of mixed chlorldea, 
JuBt as with pure chlorides. 

On the basis of the findings that In other systems the Iron 
chloride acted as a stronger chlorine acceptor than aluminum chloride, 
Szemenenko et al. [il7] assumed that In the mixed PeAlClg chloride, 
the Pe-Cl bonds are shorter and the Al-Cl bonds are longer than In 
the pure dimeric molecules. 


The mixed chloride created in the reaction of Iron chloride and 
aluminum chloride Is a very volatile compound, transporting the Iron 
from the reaction zone already at 50°C. Identification of the production 
of these complexes Is very Important for many Industrial processes. 



In the mass spectrometrlc examination of the vapor of the common 
melt of gallium chloride and aluminum chloride, Agafonov et al. found. 
In addition to the Individual dimeric chlorides, significant amounts 
of mixed GaAlClg chlorides [493. The authors determined the heat of 
sublimation and of dissociation of both, the dimers and the mixed 
chloride. 


The aluminum chloride complexes of beryllium 


/503 


Szemenenko et al. have shown [50] that In the melt of beryllium 
chloride and aluminum chloride, a complex compound Is formed, the 
properties of which differ only slightly from those of the Al 2 Clg 
melt. This Is not surprising, because the two compounds behave very 
similarly In other respects, also. The composition of the vapor phase 
of the melt was determined by chemical [50] and mass spectrometrlc 
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methods [50, 513 yleldleng the conclusion that a complex with the 
composition of BeAlCl^ Is present} the two structures shown In 
Figure 9 were believed to be possible. 


e. « 

Cl ^Ci 




Figure 9. The possible structures of the BeAlCl^ complex 
In the gas phase according to Szemenenko et al. [50]. 

According to the authors, the configuration containing three bridged 
chlorine atoms appears to be more probable, because It has a higher 
symmetry and the two metal atoms have an Identical coordination, and 
on the other hand, the two tetrahedra forming the structure have a 
common plane, because of which the metal-metal distance may be 
expected to be very small. The authors believed that the structure 
containing two bridged chlorine atoms presents the advantage that 
In It, both of the metal atoms retain their original coordination, 
and the connection of the groups Is favorable. Szemenenko et al. 
believed that this latter configuration Is the more probable one [50]. 

The other complexes found In the 
^ci system are: BeAl 5 Cln,Be„Al„Cl,« and 

^ci Be^AlgClj^g. The possible structure 

of these compounds is shown In Figure 
Figure 10. The possible lo. The authors believe that this 
structure of the more structure is more favorable, because 

polymerized complexes the beryllium is not saturated 

encountered in the vapor coordlnatlvely (in contrast to the 
phase of the BeClg-Al^Clg beryllium atom In the first model of 
system, according to Figure 9), and at the same time, a 

Szemenenko et al. [50] (n close Be-Al bond, as in the second 
is the number of BeCl 2 model of Figure 9, should not be taken 
units found in a single into account, 
molecule of the complex) 
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The MClg-AlgClg complexes (M ■ Pd, Ni and Pt) 

In this study [52], Papatheodorou reports on the formation of 
d dark-red colored gaseous complex, resulting from the reaction of 
solid a-PdClg and AlgClg gas. On the basis of the visible and UV 
absorption spectra and thermodynamic calculations. It was found that 
the complex formed according to the reaction 

PdCl 2 <s) 4 AlgClgCg) . PdAlgClgCg) /50^ 

Is present In the largest amount. On the basis of absorption spectra, 
the structure shown In Figure 11, In which the palladium and chlorine 
atoms have a tetragonal plane lattice, and the PdCl^ square it» 
connected with two AlCl^ tetrahedra along a Joint edge each, was 
proposed. 

In view of his study of the aluminum-chloride complexes of metal 
dlchlorides, Dewing assumed that It can be concluded from the similar- 
ity of the stabl. 1 ity of MAlgClg complexes, that the bivalent metal 
bonds In the complex are very similar to the bonds In the solid metal 
chloride. In the opinion of Papatheodorou, this observation applies 
also to the complexes of palladium [52]. At the same time. In his 
study of NIAI 2 CI 0 , he concluded that in this complex, by connecting 
the nickel atom with two AlCl^^ tetrahedral planes, an octahedral 
arrangement is created [ 52 ]. 



Figure 11. The structure of the 
MeAl 2 Cl 0 -type gaseous complexes 
according to Papatheodorou [52] 
According to the calculations of this 
geometric data, the AlCl^ tetrahedra 


On the basis of the 
spectrophotometrlc investigation 
of the volatile complex, 
produced as a result of the 
rea.Q.tion of solid platlnum(II) 
chloride and aluminum chloride, 
Papatheodorou [533 attributed 
the composition of PtAlgClg, 
with the structure shown in 
Figure 11, to the complex, 
author, based on the available 
d the PtCl|^ tetragonal plane 


(the geometry) must be changed to an extent of leaa than SSI, 

In order to enable the formation of the complex with the above- 
mentioned otructure fiom the aolld halide PtgClj^g gaseoua 

Al 2 Clg« The etablllty of the complex Is similar to that of the 
corresponding palladium complex, which implies that the type of bond 
and the local coordination around the transition metal atom is not 
substantially affected during the transformation Into the gaseous 
complex from the solid state. 

The NdClg-AlgClg gas-phase system 

0ye and Qruen 15^,551 studied the vapor pressure of the neodymium 
chloride and aluminum chloride system at various aluminum chloride 
vapor pressures in the 500-900K temperature range. They found that, 
under certain conditions, the observed sudden increase in the vapor 
pressure was due to the creation of strongly volatile complex 
compounds. The following equations give information about the 
composition of the complexes: 

NdClgCs) + 1.5 AlgClgCg) - /505 

NdClgCs) + 2Al2Clg(g) - NdAli^Cl^.(g) 

The aluminum-chloride complexes of uranium chloride 

Uranium tetrachloride forms a volatile complex with aluminum 
chloride, as proven by the spectrophotometric experiments of Gruen 
and Mcbeth [56, 57]. On the basis of the calculated partial pressure 
data, they found that at 650K, the vapor pressure of the complex 
is about 10^ times larger than that of UCl|j. This ratio is decreased 
with increasing temperature, because the heat of sublimation of 
UCl|j(s) is higher than the heat of formation of the complex. In the 
presence of 1 atm. of AlgClg at 600K the vapor pressure of the 
complex is 0.4 Hg mm, which means that the UCl^ may be transported 
at relatively lower temperatures, using aluminum chloride as carrier 
gas. 


21 



Although the structure of the complex cannot be determined un- 
equivocally from the spectra; according to the author's. It may 
be assumed that two AlClj^ tetrahedra are connected to the uranium 
atom# 


Qruenn and Mcbeth also examined the complex of uranium penta- 
chlorlde with aluminum chloride C57]> The formation of the complex 
may be described by the following reaction: 

UCl2,(s) + 1/2 AlgClgCg) + 1/2 ■ UCI5 . AlCljCg) 

or 

2UCli,(s> + ClgCg) - 

UgCl^O^E) + AlgClgCg) - 2UCI5 . AlCljCg) 

because In the gaseous state the uranium pentachlorlde is present 
In the form of a dimer at the lower temperature. The similarity of 
the absorption spectra of and OUI 5 .AICI 3 allows the conclusion 

that in this complex, the uranium atom has an octahedral coordination, 
like the dimer. This can be conceived in such a way that the UClg 
octahedron Is connected along an edge with the AlCljj. 

The aluminum-chloride complexes of the chlorides of lanthanide elements 

Zvarova and Zvara [158] observed that the chlorides of lanthanide 
elements form very volatile complexes with aluminum chloride, making 
It possible to separate the elements by gas chromatography (gas-solid 
chromatography). The authors attributed the great increase In the 
volatility of the lanthanide chlorides to the formation of a complex 
compound characterized by the summary formula of LaAlClg. 

They investigated the following rare-earth metals : 

Ce, Pr, Pm, Qd, Tb, Dy, Tm, Yb, Lu. 

At a partial pressure of about 100 mm Hg of AlgClg, the above-mentioned 
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lanthanides form volatile complexef ) which may be transported at 
temperatures between 130-500^0. In order to prevent a dissociation 
of the complex, they have mixed an Inert gas together with slumlnum 
chloride, using the two together as the carrier gas. Zvarova and 
Zvara [58] studied In great detail the correlation between the 
characteristics of the gas-chromatographlc separation and various 
experimental conditions. The method that they devaioped achieved 
a highly efficient separation of adjoining lanthanides. 

Summary remarks 

On the basis of both parts of the present summary review, 
(Including the first article)^ I am summarizing the data concerning 
the molecular form and molecular parameters, as follows: 

In the molten aluminum chloride complexes, the composition is 
greatly dependent on the aluminum chloride concentration, l.e., on 
the acidity of the solution. At an aluminum chloride content of 
lOOjt, dimeric Al 2 Clg molecules are present, consisting of two AlCl^ 
tetrahedra, connected along a joint edge. As the aluminum chloride 
concentration Is decreased, primarily AI 2 OIJ Ions are present. 

They consist of two AlCl^^ tetrahedra, connected with each other 
through a joint peak. The A1-C1~A1 bridge Is linear and the two 
AlClj terminal groups have an open structure. However, the possibility 
of free rotation cannot be excluded [26]. At an aluminum chloride 
concentration of 5058 In the melt, AlCliJ, the tetrachloro-alumlnate 
Ion is the prevailing Ionic form. Depending on the surrounding 
ions, its structure is a regular or a slightly distorted tetrahedron. 

In the crystalline phase the AlClJj Ion has a regular tetrahedral 
symmetry (e.g., [2], [59]), which, however, may be slightly distorted 
under the Influence of its environment. 

In contrast with the linear bridge assumed in the case of the 

^At this place, I am emphasizing only a few of the most Important 
references, but in the detailed discussion, all the source works 
are indicated. 
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melts f in both studies on the crystal phase structure of the 
Al 2 Cl^ ion* a bent Al-Cl-Al bridge was detected. However, while 
in the case of the Tejj(Al 2 Cl ^)2 complex, the two terminal groups 
of AlClj have an open structure [31] » in the (Pd(Al 2 ClyCgHg) )g 
complex a covered position was found [30]. The appearance of this 
energetically less favox'able conformation must be attributed to 
the forces acting within the crystal. 


melt crystal 
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Figure 12. The anionic structures in the condensed-phase 
aluminum-chloride complexes (and for the sake of comparison, 
the structure of the molten AlgCl^). 

Figure 12 presents the anionic structure in the condensed phase 
aluminum chloride complexes. It is of Interest to examine the change 


in the lengthe of the Al-Cl bonds » as we progress from the ctlmerlo 

molecule containing two-bridge chlorine atoms, through the single 

chlorine-bridge AigCl!^ anion, toward the AlCl)] ion. Unfortunately, 

we have only few data available on this subject ^ I am summarizing 

them in Table together with some of the results of the gas-phase /»JQ7 

studies. 

Disregarding the phase differences in the studies, we can draw 
the following conclusions for the A1>C1 bonds on the basis of Table 
4 and Figure 12. Basically, there are three different Al-Cl bonds: 
terminal, tetrahedral and bridged. The monomeric bond length of 
luminum chloride and the terminal bond length of the aluminum 
chloride dimer are practically Identical, and we may also Include 
here the terminal bonds of the klClj ion (although they represent 
a transition toward the tetrahedral distances). Their average 
value is 2.08 S. In the compounds containing AlCl]j tetrahedra, 
regardless of their state, the average values of the Al-Cl dlstancf r. 
are nearly identical, on average 2.14 8. Finally, the average 
lengths of dimeric aluminum chloride and of the bridged bonds 
Al 2 Cl!^ Ion are 2.26 8. 

The length of the terminal Al-Cl bonds increases gradually, 
as we pass from the aluminum chloride dimer containing 2 bridged 
chlorine atoms, through the 1 chlorine-bridge Al 2 Cly Ion to the /508 

AlCl]J Ion (on the average: AlgClg: 2.06 8; Al 2 Cl^: 2.10 8 and 
AlClJ: 2.41 8). 

Thanks to the great Interest In the volatile metal chloride- /509 
aluminum chloride complexes, practically all metals of the periodic 
system are known to form strongly volatile complexes with aluminum 
chloride. This Is Illustrated In Table 5, based on the summarizing 
study of Schflfer [64], 

In their study on the thermodynamic Indicators of the gas- 
phase complex halides and of their formation processes, Novikov 
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Table 4. 

The length of the Al-Cl bonds in varloue compounds. 


melt 

terminal' "t 

'.tetra- 

hedra: 

■'"bridged 

phase 

ref- 

erence 

AICI, 

2,06i0.0l 

L — 

gas 

1601 

MA 

2,065X0,002 

2,06 


2,252 X0,001 
2,34 

gas 

liquid 


M,Clf 

2,102 

2,09 


2,242 

2,21 

solid 

solid 




[311 

30 


AlCl; 


2,16 

2,13 

2,154 

2,12 

2,13 

2,13 


gas 

I8il3 

solid 

solid 

solid 


KAICI, 

h'aAICi, 

CnlAICU 

(P,i(Aid,C4H,)l, 


i 

31 

63 

30 


AtlagirUk 

2,08 

2,14 

2,26 




Table 5, 

Listing of the metals which form volatile complexes with 

aluminum chloride ( 5 ) (The^asterisk * is used to designate 
th? elements, the condensed-phase aluminum-chloride complexes 
which are discussed in thl?} study). 


1 

Be 

§_• 

' 

i 

B 

C 


1 



Na 
§ « 

Mg 
§ « 



i 




K 

Co 

Sc 

Hi 

m 

m 

Ql 

Fe 


Ni 

09 

Zo 

Go 

Ge 

As 

Se 

Br 

Kr 

§ * 

% 


H 

■Q 

BD 

mD 

S * 

GD 

A* 

BD 

6 

6 * 



# 



Rb 

Sr 

V 

Zr 

Nb 

Mo 

TC 

Ru 

Rh 

Bl 

Ag 

Bl 

In 

oa 

Sb 

Te 

f 

Xe 

§ 

■ti 

m 



§ 


§ 

§ 

Ed 

% 

ED 

* 

ID 

§ 

« 



Cs 

Bo 

9 


To 

W 

Re 

Os 

ir 

p» 

Au 

Hg 

TI 

Pb 

Bi 

Po 

At" 

Rn 

§ * 

§ « 

Bl 
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* 

§ «• 
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0 

Pr 

§ 

Nd 

$ 

Fm 

§ 

Sm 

Eu 

Gd 

§ 

Tb 

§ 

Dy 
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HO 

Ef 
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Yb 
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Lu 
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Si 
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Np 

Pg 

Am 
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Figure 13. The molecular 
configuration of the mixed 
complexes of M X and 
type halides, according to 
Sole and Sidorov [66]. 


and Qavryuohenkov [65] found that, 
as a general rule, those halides 
form gas phase, easily volatilized 
complexes, which by themselves 
and In the gas phase tend to 
dimerize, and the complex compounds 
of which, with other halides, are 
more stable with respect to 
dissociation than their correspond- 
ing pure dimers. 

Solo and Sidorov examined 
[66] the structure of mixed-metal 
fluorides and we believe that 
their general conclusions are 
applicable also to the chlorides. 
According to their detailed mass- 
spectrometric investigation, the 
following types of complex 
halides occur most frequently 
in the vapor phase (considering 
only the common complexes of 
alkali metals and trivalent 
metals): their designation is: 

A - M^X and B - Me^^^X^ 

AB MMeX^, 

AgB MgMeX^ 


Up to now, the molecular geometry in the gas phase was determined 
only in the case of the AB type compounds, including only one 
chlorine derivative, the potassium (tetrachloroalumlnate) [i<]. 

However, on the basis of analogy with the AB type compounds, and of 



apectroBcopic examlnatlona. Sole and Sidorov aaaume [66] that the 
configuration preaented in Figure 13 prevalla in the ApB and 
type compounds. 

The molecular shape of the complex halide In the gas phase 
was determined (In some cases, only assumed), on the basis of the 
above cited, mostly spectroscopic studies. This Is summarized 
below; 

Type of The actually Examples 

complex determined, or 

assumed co- 
ordination 
around M 

MCI • AICI 3 Ci^ “••‘ Cl • AICI 3 

>» (ulk.-LI, N«, K, Uli.Ci) 


, 6 , 8-member 

inMCI • iiAICIj rings containing mCuCI • iiAICIj (?) 

the III =5 1—3, a ~ 1—2 

-Cl-M-Cl-Al- 

chaln 
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Type of 
complex 

The actually 
determined, or 
assumed 
coordination 
around M 

Examples 

MClg • AlClg 

Arrangement 
around M 



CI-— Cl 

l*dAI,Cl, 

l»iAI,CI, 


tetragonal 




HcAI,CI, 
CoAl,Clg (?) 


tetrahedral 



a Cl 


octahedral 


JX ^Cl 
Cl '-.i 


‘^Al-Cl 

c/ \ 

Cl Cl 


bent 


Cl 

Cl-A|( 

Cl— ;ci 
XI— Ar 


Cl 


/ "^ci 


NiAl.Clg 
CrAl^CI, 
CoAI,Clg (?) 


Ci.AI,CI,(?) 


CuAlijClg (?) 


trigonal, ring type 



Type of 
complex 


The actually determined 
or assumed coordination 
around M 


Examples 




“MCI* Cl 

ci^ ^cr ^ci 

'•>0 

tetrahedral 


Cl McnAljCljt+in) 


MCI, • Aid, 


MCI, • 3AICU 


^C1 


tetrahedral 


o Cl 

a~«-a p-Ai^o 

Al 

/\ 
c n 


FeAlCI, 

GoAICI, 


CrAI,CI„ 

NdAI,Cli, 


MCI« • 2AICI, 


MCI, ' Aid, 


octahedral 

\ Cl 

Cl— -Al— Cl Cl— Al^Cl 
\ \ / / 

Cl— Cl 

Cl Cl 

octahedral 


ci'^ j xr ^ci 

Cl 


UAI,CI„ 


UAICI,(?) 


octahedral 
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